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SUMMARY
Super-sweet maize (shrunken2, sh2) has a longer post-harvest life than standard sweetcorn (sugary1,
su1), but is less well-adapted to cold conditions. The objective of the present work was to determine if
the replacement of su1 by sh2 alters the combining abilities of sweetcorn inbreds for adaptation to
early planting under cold conditions. Two diallel sets of su1 and sh2 near-isogenic inbred lines were
evaluated in a cold chamber and by early ﬁeld planting. For most of the traits related to adaptation,
except silking date, there were signiﬁcant mutantrgenotype interactions and the estimates of general
combining ability (GCA) of each version of the same inbred were diﬀerent, probably due to epistasis.
Therefore, to widen the genetic base of the super-sweet germplasm for adaptation, conversion of the
earliest su1 inbreds to sh2, ignoring other characteristics such as emergence or early vigour in early
planting or cold tests, is proposed.
INTRODUCTION
Standard sweetcorn (Zea mays L.), grown in temper-
ate areas, is homozygous for the mutant sugary1 (su1)
gene, while what is known as super-sweet maize is
homozygous for shrunken2 (sh2) (Tracy 1997, 2001).
Super-sweet hybrids have a longer-post harvest life
and, therefore, maintain their eating quality longer
after harvest than standard sweet hybrids (Marshall
& Tracy 2003). However, diverse studies have shown
that super-sweet hybrids and inbreds have lower
proportions of emergence and lower early seedling
vigour, particularly in cold conditions, than standard
sweet hybrids or inbreds (Douglass et al. 1993; Azanza
et al. 1996; Hassell et al. 2003), but, because the
mutants in these studies are not located in the same
genetic background, the eﬀects of the mutants and
the genetic background are confounded. Young et al.
(1997) and Zan & Brewbaker (1999), using isogenic
lines and hybrids, have shown that the mutant su1
have, eﬀectively, a positive eﬀect on emergence when
compared to sh2, both under optimum conditions
in the ﬁeld and under cold conditions in a chamber.
However, the conclusions of those two studies cannot
be generalized to situations where seeds and seedlings
are suﬀering from cold in the ﬁeld, given the low corre-
lation between data from optimum and cold con-
ditions or between data from cold tests and from ﬁeld
experiments (Waters & Blanchette 1983; Ordas et al.
2006), but see Ali et al. (2006). The genetic back-
ground also plays an important role in the emergence
and early seedling vigour of super-sweet maize, as
indicated by a successful breeding programme for
improving these traits (Tracy & Juvik 1988).
In areas with cool and humid springs and relatively
short summers such as, for instance, Atlantic Europe,
Canada and some areas of the US Corn Belt, the
cultivation of super-sweet maize hybrids is limited
by their reduced emergence and poor early seedling
vigour. Breeding standard sweetcorn for adaptation
to early sowing or to cold conditions has been suc-
cessful by using the same methods as for the other
types of maize (Tracy 2001; Revilla et al. 2005).
With standard sweetcorn the works of Hotchkiss
et al. (1997) and Revilla et al. (2005), demonstrating
the existence of sources of adaptation to cold con-
ditions, and the genetic study of Revilla et al. (2003),
showing the signiﬁcance of the general combining
ability (GCA) for cold tolerance traits, indicate that
favourable genes for adaptation are present in the
genetic background of standard sweetcorn. Adapted
standard sweetcorn could be useful for improving
the adaptation of super-sweet maize if the genes that
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confer adaptation when combined with su1 are also
favourable when combined with sh2. On the other
hand, if the favourable genes for adaptation have
diﬀerent eﬀects when combined with su1 than when
combined with sh2, the knowledge of the cold toler-
ance of the standard sweetcorn genotypes cannot be
useful for improving super-sweet maize and the con-
version of su1 genotypes to sh2will give unpredictable
results. As pointed out by Monneveux et al. (2008),
the choice of parental lines is critical in the further
development of tolerant hybrids. Therefore, the ob-
jective of the present work is, by means of near-
isogenic inbred lines, to determine if the replacement
of su1 by sh2 alters the combining abilities of sweet-
corn inbreds for adaptation to planting under cold
conditions.
MATERIALS AND METHODS
The near-isogenic set of sugary1 and shrunken2 in-
bred lines 101t, C23, C40, Ia453 and P39 (Soberalske
& Andrew 1978) were used. The ﬁve su1 and sh2
inbreds were crossed in two independent diallel
designs without reciprocals in 2004, in Pontevedra
(42x24kN, 8x38kW, 20 m asl), northwestern Spain. The
crosses of the two diallels were made in the same
experimental ﬁeld and the rows with the su1 inbreds
were placed adjacent to the rows with the sh2 inbreds.
The seed of the two diallels was harvested, cleaned
and stored under the same conditions. To evaluate
the adaptation to cold conditions of the genotypes, a
cold chamber with controlled temperature conditions
was used. In addition, the genotypes were evaluated
in early sowings in the ﬁeld.
The 20 m3 cold chamber had three shelves, 0.5 m
apart. Conditions were set at 14 h with light (pro-
vided by seven very high output (VHO) ﬂuorescent
lamps with a photosynthetic photon ﬂux (PPF) of
228 mmol/m2/s) at 14 xC, and 10 h without light at
8 xC. Both diallel sets (su1 and sh2) were evaluated
in two adjacent experiments, each experiment follow-
ing a randomized complete block design with three
replications (one replication on each shelf). In the
growth chamber, the evaluation was carried out for a
period of 30 days. Genotypes were planted in 21 litre
trays ﬁlled with 12 litres of sterilized and watered peat
(Gramoﬂor GmbH & Co. KG, Vechta, Germany).
Sowing depth was 20 mm and seeds were planted in
rows spaced 50 mm apart with 20 mm between seeds.
All trays were watered again with 2.5 litres of water
20 days after planting, which was enough to keep
the plants turgid. Adaptation to cold conditions was
assessed by the proportion of emergence and an early
seedling vigour score. The estimation of early seedling
vigour takes into account size, colour and canopy
development approximately 1 month after planting,
using a scale from 1 (weak plants) to 9 (vigorous
plants), where 5 represents the average plant devel-
opment of the experiment, following Revilla et al.
(1999).
Planting of the hybrids and inbred parents in the
ﬁeld was made in two sites at Pontevedra. In each site,
the su1 and the sh2 diallels were evaluated in adjacent
experiments bordered by several rows of su1 or sh2
plants, depending on the mutant carried by the geno-
types. This design was chosen because it allows for
better separation of mutants and makes pollen con-
tamination (which, given the recessive nature of the
mutants, would aﬀect some of the traits, particularly
grain moisture) more diﬃcult. The dates of planting
were 12 and 18 May 2005, for the experiments in
the ﬁrst and second site, respectively. Prior to sowing,
the ﬁeld had pH=5.3 and 75 g organic matter/kg at
the ﬁrst site and pH=6.4 and 61 g organic matter/kg
at the second site. During the 10 days following sow-
ing, the ﬁrst site received 198 litres of rain/m2 with
maximum temperatures of 17–20 xC and minimum
temperatures of 6–12 xC, while the second site re-
ceived 12 litres of rain/m2, with maximum tempera-
tures of 19–25 xC and minimum temperatures of
6–10 xC. The ﬁeld experiments followed a random-
ized complete block design with three replications.
Each plot consisted of two rows with 17 plants per
row. Plants were spaced 0.21 m apart and rows
were 0.80 m apart, corresponding to a density of c.
60 000 plants/ha. Hills were over-planted and thinned
after emergence to achieve the desired plant density.
The traits measured were: proportion of emergence,
early seedling vigour (visual scale from 1 to 9, as
previously explained), plant height, days to silking,
grain moisture (g/kg), ear length, ear rows and ear
visual appearance (visual scale from 1 to 9, where
1 was the score of the poorest ears, 5 was the score
of the average ears in the trial and 9 was the score of
excellent ears). The scores were assessed following
the usual criteria of the fresh market as stated by
Marshall & Tracy (2003).
Analyses of variance were performed for each
trait using PROC MIXED of SAS (SAS Institute
2005). Sources of variation included experiments, rep-
lications within experiments, mutants (su1 and sh2),
genotypes (the inbred lines 101t, C23, C40, Ia453 and
P39) and the appropriate interactions. All sources of
variation, except mutants, genotypes and their inter-
action, were considered random. When diﬀerences
between hybrids were signiﬁcant, general and speci-
ﬁc combining ability (GCA and SCA, respectively)
analyses were made according to Model I, Method 4
of Griﬃng (1956) for su1 and sh2 hybrids, separately.
The analyses of the diallel designs followed the
methods described by Zhang et al. (2005).
RESULTS
Super-sweet maize hybrids had, on average, 25%
lower emergence than the standard sweetcorn hybrids
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both in the laboratory cold test and in early ﬁeld
plantings (Table 1). Early seedling vigour was also
negatively aﬀected in the sh2 hybrids compared to the
su1, but not in the laboratory cold test. The sh2 hy-
brids had higher kernel moisture at harvest.
There were signiﬁcant diﬀerences between the
standard sweetcorn hybrids and between the super-
sweet maize hybrids in their early vigour evaluated
in cold chamber and silking date (Table 1). However,
there were no signiﬁcant diﬀerences between the stan-
dard sweetcorn hybrids and between the super-sweet
maize hybrids for emergence evaluated in the cold
chamber and grain moisture. In the early planting,
there were signiﬁcant diﬀerences in emergence be-
tween sh2 hybrids, but not between su1 hybrids. The
opposite was true for early seedling vigour. For these
traits and also for early seedling vigour evaluated in
the cold chamber, there was a signiﬁcant mutantr
genotype interaction (Table 1). The Spearman corre-
lation coeﬃcients (rs) for these traits between the
su1 hybrids and the same hybrids converted to sh2
were not signiﬁcant (0.03<rs<0.31 and 0.45<
P<0.94).
There was no signiﬁcant mutantrgenotype inter-
action for silking date (Table 1) and no signiﬁcant
correlation between the su1 hybrids and the same
hybrids converted to sh2 (rs=0.58 and P=0.08). For
other traits not directly related to adaptation such
as plant height, ear visual appearance, ear length and
row number, there were no signiﬁcant diﬀerences be-
tween the su1 and the sh2 hybrids and there was no
mutantrgenotype interaction (data not shown).
Analysis of the diallels for early vigour in the
cold chamber showed that although GCA was sig-
niﬁcant in both diallels, the estimates of GCA of each
version of the same inbred were diﬀerent (Table 2).
The estimates of GCA for silking date of each version
of the same inbred were relatively similar.
DISCUSSION
Emergence and early seedling vigour are aﬀected by
genetic factors, both at planting and during seed pro-
duction (Tracy 2001). The present data conﬁrm the
negative eﬀect of the sh2 allele on germination and
early seedling vigour in cold conditions compared to
the su1 allele (Zan & Brewbaker 1999). Because sh2
confers longer eating quality after harvest than su1,
other genes that increase the adaptation of the geno-
types when they are in combination with sh2, without
decreasing the longer eating quality after harvest of
the super-sweet hybrids are of interest. There were
signiﬁcant diﬀerences in emergence, early seedling
vigour and silking date between the standard sweet-
corn hybrids and between the super-sweet maize hy-
brids when they were evaluated in the cold chamber
or by early planting. Therefore, in the expression of
these traits, genes other than su1 and sh2 might play
an important role. However, genes other than su1 and
sh2 do not seem to play an important role for grain
moisture, at least in the inbreds used in the present
study, given that signiﬁcant diﬀerences between hy-
brids within each mutant were not detected.
In general, diﬀerences between hybrids depend on
the GCA and SCA of the parental lines. In turn, GCA
and SCA depend on the additive and dominance
eﬀects of the genes whose alleles varied between the
parental lines of the hybrids and on epistatic eﬀects.
In both the su1 and the sh2 diallels, the genes that
have diﬀerent alleles in the parental lines of the hy-
brids are the same because of its isogenic nature.
Thus, in the absence of epistasis or interactions
Table 1. Means¡S.E. of sugary1 and shrunken2 hybrids for several traits from two diallels of su1 and sh2 inbred

















Emergence 0.66¡0.036 0.42¡0.036 ns ns
Early seedling vigour (1–9)# 5.0¡0.58 4.2¡0.575 <0.05 <0.05 <0.05
Field
Emergence 0.90¡0.047 0.65¡0.047 ns <0.05 <0.05
Early seedling vigour (1–9)# 5.1¡0.17 3.8¡0.17 <0.05 ns <0.05
Silking date (days) 75¡0.48 80¡0.48 <0.05 <0.05 ns
Moisture (g/kg) 250¡0.73 310¡0.80 ns ns
* ns, not signiﬁcantly diﬀerent from zero, according to an F test (for details see Materials and Methods).
# Visual scale for early seedling vigour from 1 (weak plants) to 9 (vigorous plants).
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during seed production, similar diﬀerences would be
expected between hybrids, with similar mean squares
associated with GCA and SCA, and similar GCA
values of the parental lines in both diallels. In the
absence of epistasis, a positive correlation would also
be expected between the su1 hybrids and the same
hybrids converted to sh2, and no mutantrgenotype
interaction. In the present data, the diﬀerences be-
tween hybrids, the mutantrgenotype interactions,
the correlations between versions of the hybrids and
the values of GCA suggest that epistatic interactions
between the su1 and sh2 and other genes might be
important for traits related to adaptation as emerg-
ence or early vigour. Zan & Brewbaker (1999) also
found signiﬁcant diﬀerences in emergence between
super-sweet hybrids, but no signiﬁcant diﬀerences
between standard sweet hybrids in the analysis of two
diallels with isogenic hybrids for su1 and sh2. Revilla
et al. (2000, 2006) found that the seed viability (a trait
related to germination) of each mutant depends on
the genetic background. From a practical point of
view, the present results indicate that the knowledge
of the cold tolerance of the standard sweetcorn geno-
types cannot be useful for improving super-sweet
maize and that the conversion of su1 genotypes to sh2
will give unpredictable results, independently of the
adaptation of the su1 genotypes.
The lack of signiﬁcant mutantrgenotype interac-
tion in silking date suggests that epistasis of su1 and
sh2 with other genes is not important. There is also a
positive relationship between the su1 hybrids and the
same hybrids converted to sh2. Alonso Ferro et al.
(2008) have also found that epistatic eﬀects are not
important for agronomic and quality traits in hard
endosperm maize. Thus, the present data suggest the
earliest su1 hybrids tend also to be the earliest when
converted to sh2. Furthermore, because the estimates
of GCA for silking date of each version of the same
inbred were relatively similar, the knowledge of the
GCA of the su1 inbreds could be useful to improve
the sh2 inbreds. Early ﬂowering genotypes have sev-
eral advantages. It is possible to adapt the growing
cycle of the plant to more favourable climatic con-
ditions either during the earlier stages or during
maturation, which is particularly critical in areas with
cool and humid springs and relatively short summers.
In addition, by reducing the days to silking, the
moisture at harvest can be reduced (Ordas et al.
1996). This is advantageous because seed drying
is costly and time-consuming (Tracy 2001). Finally,
with earlier genotypes it is possible to spread the
harvesting season to meet consumer demand.
The traits not directly related to adaptation (plant
height, ear visual appearance, ear length and row
.number) are not expected to change when the su1
inbreds are converted to sh2 because there were no
diﬀerences between the su1 and the sh2 hybrids and
there was no mutantrgenotype interaction.
The main conclusion from the present work is that,
for most of the traits related to adaptation, the esti-
mates of GCA of each version of the same inbred
were diﬀerent, probably due to epistasis, making the
knowledge of the GCA of the su1 inbreds of no use
for improving the sh2 inbreds. However, for silking
date, the estimates of GCA of each version of the
same inbred were similar. Therefore, to widen the
genetic base of the super-sweet germplasm for adap-
tation, it is proposed to convert the earliest su1 in-
breds to sh2 ; the choice of su1 inbreds to convert
could be made without consideration of other charac-
teristics such as emergence or early vigour in labora-
tory cold tests or early ﬁeld plantings.
Table 2. GCAs¡S.D. for several traits related to adaptation evaluated in early planting and cold test for the
parents of two diallels of su1 and sh2 inbred lines of sweetcorn
Proportion of emergence* Early seedling vigour (1–9)*,# Silking (days)
Field trials Cold tests Field trials Field trials
Parent sh2 su1 sh2 su1 su1 sh2
101t 0.08¡0.012 0.13¡0.113 x0.24¡0.137 0.29¡0.091 x2.06¡0.228 x0.53¡0.226
C23 0.07¡0.012 0.24¡0.113 x0.02¡0.137 x0.82¡0.091 1.67¡0.228 0.91¡0.226
C40 x0.1¡0.012 0.36¡0.113 0.76¡0.137 0.84¡0.091 x0.89¡0.228 x1.68¡0.226
I453 x0.0¡0.012 x0.09¡0.113 x0.36¡0.137 0.46¡0.091 1.28¡0.228 1.19¡0.226
P39 x0.04¡0.012 x0.64¡0.113 x0.13¡0.137 x0.77¡0.091 0.00¡0.228 0.10¡0.226
GCA$ P<0.05 P<0.05 P<0.05 P<0.05 P<0.05 P<0.05
SCA$ P<0.05 ns ns ns P<0.05 ns
* For those cases where the diﬀerences between hybrids were not signiﬁcant, the GCA of the parents and the mean squares
associated with GCA and SCA were not calculated because they also were not signiﬁcant.
# Visual scale for early seedling vigour from 1 (weak plants) to 9 (vigorous plants).
$ ns, not signiﬁcant mean squares associated with GCA and SCA in the analysis of Model I, Method 4 of Griﬃng
(1956).
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